THE ROLE of echocardiography in the diagnosis of pericardial effusion is now well established. 1 2 Unfortunately, the echocardiographic differentiation of hemodynamically insignificant effusion from that associated with cardiac tamponade remains difficult.
Previous M mode studies have identified a number of abnormalities in patients with cardiac tamponade. The majority of these signs reflect exaggerated respiratory variation in ventricular filling and cardiac output due to the inability of the heart to expand normally within the tense fluid-filled pericardium. These signs include right ventricular expiratory end-diastolic compression,3 pronounced reciprocal respiratory variation in right and left ventricular size,' both absolute and inspiratory reductions in mitral D-E excursion4
I and E-F slope,4 I and inspiratory reduction in the area of the aortic valve opening and left ventricular ejection time. 4 Abnormal motion of the right ventricular wall in the form of systolic notching7 and collapse during isovolumetric relaxation and early diastole' has also been noted in patients with hemodynamic compromise due to pericardial effusion. Unfortunately, however, the sensitivity and specificity of any of these signs in the identification of cardiac tamponade remain in question, and no single or group of signs has emerged as an unequivocal marker of this potentially life-threatening complication.
More recently, the improved visualization of the right heart afforded by cross-sectional echocardiography has allowed better definition of right ventricular structure and function and has permitted a better understanding of the abnormalities noted on M mode studies. Armstrong et al.,9 expanding on the earlier M mode work of Shiina et al. , 8 have noted right ventricular diastolic collapse to be a sensitive and specific marker for cardiac tamponade.
During our cross-sectional echocardiographic examination of patients with pericardial effusion, we have noted striking late diastolic inversion of the right atrial free wall, a previously undescribed abnormality that appeared most obvious in patients with cardiac tamponade. The purpose of this study, therefore, was to define this invagination of the right atrial free wall qualitatively and quantitatively and to examine its relationship to the presence of hemodynamically significant effusion.
DIAGNOSTIC METHODS-ECHOCARDIOGRAPHY Materials and methods
Of 4176 patients undergoing cross-sectional echocardiographic examination at the Massachusetts General Hospital from October 1, 1980, to March 1, 1982 , 664 were found to have pericardial effusion. In 140 of these, the effusion was moderate to large, as defined in concomitant M mode studies by separation of epicardial and parietal pericardial echoes throughout the cardiac cycle and/or in the cross-sectional studies by the presence of a circumferential echo-free space between the visceral and parietal pericardial layers. Five patients were excluded because inadequate views of the right atrium were obtained. An additional eight patients were excluded because clinical documentation of the hemodynamic significance of the effusion was not available. The remaining 127 patients comprise the study group. Patients ranged in age from 10 days to 82 years, with a mean of 52 years. There were 66 male and 61 female patients.
The causes of the effusion were congestive heart failure (33 patients), malignancy (25 patients), chronic renal failure (18 patients), postpericardiotomy syndrome (14 patients), postinfarction pericarditis (nine patients), connective tissue disease (two patients), trauma (two patients), and aortic dissection (one patient). In 10 patients no cause was clinically apparent. Major associated echocardiographic diagnoses were native valvular disease (40 patients), segmental left ventricular wall motion abnormalities (21 patients), valvular prosthesis (14 patients), congestive cardiomyopathy (three patients), congenital heart disease (four patients), and hypertrophic cardiomyopathy (one patient). In 44 patients no echocardiographic abnormality other than the effusion was noted.
Electrocardiographic rhythm strips taken at the time of echocardiographic examination were available in 84 patients. Fortyeight patients were in sinus rhythm, 34 had atrial flutter and/or fibrillation, and two had right ventricular pacemakers. We also studied 20 patients who had normal echocardiographic examinations and no clinical evidence of pericardial disease to define the normal pattern of right atrial motion.
Patients were divided into two groups: those with evidence of cardiac tamponade and those with moderate or large effusions but without evidence of hemodynamic compromise. Clinical criteria for definition of cardiac tamponade included the presence of two or more of elevated jugular venous pressure, relative hypotension, or pulsus paradoxus of greater than 10 mm Hg. The hemodynamic criteria were equalization within 4 mm Hg of mean right atrial, mean pulmonary capillary wedge, and right ventricular end-diastolic pressures with (if recorded) blunting of the right atrial Y descent and/or an elevated mean intrapericardial pressure of greater than 5 mm Hg. Nineteen of the 127 patients met the criteria for cardiac tamponade. In 17 patients the diagnosis was established clinically, and in 13 diagnostic hemodynamics were available. Of note, two patients, both of whom were on hemodialysis, had unequivocal hemodynamic abnormalities at a time when they did not meet the clinical criteria for cardiac tamponade. All patients with cardiac tamponade showed hemodynamic and clinical improvement after the removal of pericardial fluid.
There were 104 patients with moderate or large effusion who had no evidence of cardiac tamponade at the time of or within at least 2 weeks after the echocardiographic study. In 28 of these, hemodynamic criteria that verified the diagnosis were also available. Four patients were considered to have equivocal cardiac tamponade on the basis of isolated abnormal hemodynamic ( Cross-sectional studies were reviewed with a Microsonics Easy-View II system that allows field-by-field analysis and offline area determinations. Abnormal right atrial motion was considered to be present when there was inversion of the right atrial free wall at any point in the cardiac cycle. In studies where such qualitatively abnormal motion was demonstrated, the freeze frame showing the maximal invagination was selected for quantitative analysis. On such frames, the right atrial area (A) was measured and the radius of curvature of the arc formed by the invaginated wall (r) was derived geometrically. Three quantitative parameters of inversion were then calculated. The first two, used to quantitate the degree of inversion, were (1) the areacorrected radius of curvature (r/VAX), which corrects the absolute radius of curvature for chamber and, by inference, for patient size (this correction was used in an attempt to compensate for the wide range in patient size) and (2) its reciprocal, the area-corrected curvature (VAI/r), which is an easier parameter to plot because it passes through 0 rather than infinity. The areacorrected curvature also gives a better appreciation of the degree of inversion in that the more sharply inverted the wall, the more negative the curvature. Both of these indices were, by definition, negative when the right atrial wall was inverted.
The The normal configuration and motion of the right atrial wall are depicted in figure 1 . At ventricular endsystole ( figure 1, A) , the wall is rounded and concave toward the center of the right atrium. In all the normal patients studied, this rounded or a slightly more flattened configuration was maintained throughout the cardiac cycle, even as the atrium emptied ( figure 1, B) . At no point in the cardiac cycle did the right atrial wall invert or become convex toward the center of the right atrium. Although illustrated only in the apical fourchamber view, this pattern of motion was also observed in the parasternal short-axis and subcostal fourchamber views.
On the other hand, in 42 of 127 patients with peri- cardial effusion and right atrial inversion, right atrial motion was characterized by an abrupt buckling of the free wall toward the center of the right atrium. This phenomenon was initiated at end-diastole and continued through a variable portion of ventricular systole. When present, this abnormality could be recorded in any view in which the right atrial wall was well visualized, that is, in subcostal long-axis, apical four-chamber, or parasternal short-axis views (figures 2 to 4).
We first examined the relationship of the presence or absence of right atrial inversion to the presence or absence of cardiac tamponade. All patients with definite or equivocal cardiac tamponade had right atrial inversion (table 1) , which gives a sensitivity of 100%. The sign was, however, also present in 19 patients with effusion but without tamponade, which yields a specificity of 82% and a predictive value of 50%.
With chi-square analysis, these findings are signifi- groups with right atrial inversion and definite, equivocal, and no cardiac tamponade are illustrated in figure  5 . As shown in the figure, there is considerable overlap among patient groups and the difference of means is not statistically significant. The degree of right atrial inversion, therefore, did not further discriminate those with cardiac tamponade from those without it.
We then examined the duration of right atrial inversion with the RAITI. Figure 6 
Discussion
Although the value of echocardiography in the detection of pericardial effusion is undisputed,", 2 its ability to identify patients with hemodynamic compromise has been uncertain.3'8 On the basis of our results, we believe that right atrial inversion is a useful echocardiographic marker of cardiac tamponade. In our series, right atrial inversion was present in all patients with hemodynamic compromise, and we therefore conclude that it is an extremely sensitive means of identifying patients with cardiac tamponade. Its presence does not appear to be dependent on the preservation of atrial contraction, since it was noted even in the absence of normal sinus rhythm.
Although the degree of right atrial inversion, as defined by the free wall curvature, did not improve the specificity and predictive accuracy of the sign, the RAITI (an estimate of the duration of right atrial inversion) did succeed in separating patients with cardiac tamponade from those without. Thus, an RAITI of 0.34 was empirically noted to provide an excellent separation of patients with right atrial inversion with cardiac tamponade from those with a similar degree of inversion but without cardiac tamponade.
It is possible that if a larger patient group were examined more overlap would be evident; there may be a spectrum extending from patients with no hemodynamic derangement and a normal noninverted right atrial free wall to those with severe hemodynamic compromise and prolonged right atrial inversion. It hypothesis. However, our data clearly demonstrate that prolonged right atrial inversion is a strong marker for cardiac tamponade, and that if inversion is transient there is unlikely to be significant hemodynamic compromise.
The application of this sign is obviously contingent on the ability to clearly record the movement of the right atrial free wall. In our experience, at least one adequate view of the right atrium could be obtained in 96% of the patients studied. In 85% of these, right atrial motion could be followed throughout the cycle, which allows measurement of the duration of inversion. Thus, it is feasible to assess right atrial wall motion both qualitatively and quantitatively in the clinical echocardiographic laboratory.
In the majority of patients with cardiac tamponade, the diagnosis is clinically obvious, and the primary role of the echocardiographic study is to document the presence and distribution of pericardial fluid. However, in a smaller group of patients the clinical picture may be less clear, and the presence or absence of right atrial inversion may provide additional diagnostic information. For example, it is difficut to assess the hemodynamic significance of the pericardial effusions seen frequently in patients with chronic renal failure. These patients often have elevated jugular venous pressures due to volume overload. Furthermore, reduced left ventricular compliance may prevent demonstration of pulsus paradoxus even in the presence of cardiac tamponade.'0 We believe that in this group, the presence of prolonged right atrial inversion will identify those with occult cardiac tamponade who are at risk for dialysis-induced hypotension and the need for emergency pericardiocentesis.
On the basis of the observed pattern of right atrial inversion and its timing, that is inversion in end-diastole with a variable continuation into ventricular systole, we hypothesize that invagination of the right atrial wall cannot be active but must be a passive response to the relative pressures on either side of the atrial wall. This assumption is made because active contraction of a muscular wall cannot cause its frank inversion and because the observed deformation of the right atrial free wall occurs during atrial diastole when the atrium is not actively contracting.
In the presence of cardiac tamponade, the tense fluid-filled pericardium can accommodate expansion of one intrapericardial chamber only through an increase in intrapericardial pressure or by hydrodynamic compression of another chamber. It can be predicted that the compressed chamber would be the one with the lowest relative intracavitary pressure.
Under normal conditions, the right atrial pressure falls both in early diastole (Y descent) and after atrial systole (X' and X descents). Therefore, right atrial inversion might be expected to be a biphasic phenomenon. In cardiac tamponade, however, the early diastolic fall in pressure, the Y descent, is typically lost, which probably reflects an inability of the right ventricle to fill rapidly. In addition, intrapericardial pressure is lowest in early diastole and reduces the tendency for a positive gradient across the atrial wall to develop.
In contrast, at ventricular end-diastole, right atrial pressure and volume are at a minimum while intrapericardial pressure is maximally elevated and the right ventricle is maximally filled. " 12 We believe this creates a transient gradient across the right atrial wall and thereby causes it to invert. During systole, as the right atrium fills and the right ventricle empties, intrapericardial pressure declines and right atrial pressure rises. During this period, the right atrial wall may be expected to assume a more normal configuration, and this is the pattern of motion that we have observed. Similar abnormalities of right atrial configuration have also been noted angiographically in a separate group of patients with cardiac tamponade studied at this institution. 13 This mechanism of hydrodynamic compression is also consistent with many of the other previously described signs of cardiac tamponade. Collapse of the right ventricle, as identified on M mode studies by Shiina et al. 8 and elaborated on in cross-sectional studies by Armstrong et al.,' occurs during right ventricular isovolumetric relaxation and early diastole. At this time, intracavitary right ventricular pressures and volume are low and the observed collapse of the right ventricle would be anticipated, particularly at its most compressible portion, the right ventricular outflow tract. During diastole as the right ventricle fills and the right atrium empties, the right ventricular configuration normalizes. Thus, collapse of the right atrium and right ventricle occur during "opposite' 7 portions of the cardiac cycle, which reflects the relative timing of the filling and emptying of these chambers.
In a similar way, pericardial fluid shifts may play a role in the exaggerated respiratory fluctuations in ventricular dimensions and function that have also been described as echocardiographic signs of cardiac tamponade. Finally, when the intrapericardial pressure is grossly elevated and hemodynamic embarrassment is extreme, the marked end-expiratory absolute compression of the right ventricle noted by Schiller and Botvinick3 might be anticipated.
In the consideration of right atrial inversion, two 300 patient groups are of theoretic concern: those with intrinsic severe right atrial hypertension and those with endocardial ventricular pacing. In our series, the patient with cardiac tamponade in whom right atrial inversion was extremely transient had severe biventricular dysfunction and a right ventricular pacemaker. We postulate that associated tricuspid regurgitation and an early systolic rise in right atrial pressure may have minimized the duration of right atrial inversion. The dissociation of atrial and ventricular contraction may also have been contributory. Thus, patients with intrinsic right atrial hypertension and/or ventricular rhythms are potential false negatives and require further scrutiny. Nonsinus supraventricular rhythms do not appear to influence right atrial inversion. In terms of clinical application, right atrial inversion would obviously be a more useful sign if a trained observer could make real-time visual assessments of the same parameters studied here with field-by-field analysis. In fact, real-time observation of the right atrial curvature readily establishes whether it is positive (normal) or negative (abnormal). However, it is occasionally necessary to review a study field-by-field to avoid missing transient or slight inversion. Similarly, the degree of inversion can also be assessed by realtime visual inspection. In contrast, even trained observers have difficulty assessing the duration of inversion without resorting to stop frame analysis. This probably reflects the fact that by visual examination one is more aware of the abrupt inward motion that characterizes the onset of right atrial inversion and is relatively unaware of its more gradual normalization. Thus, the qualitative real-time assessment of right atrial inversion correlates with the degree of inversion (as described quantitatively by the curvature) rather than the duration. From a clinical viewpoint, it is unfortunate that only the more difficult to obtain duration of inversion improves the discriminative power of the sign.
In summary, right atrial inversion is an extremely sensitive marker of cardiac tamponade. Its specificity and predictive value may be significantly enhanced without loss of sensitivity by consideration of the duration of right atrial inversion. Thus, prolonged right atrial inversion is strongly suggestive of cardiac tamponade, and transient inversion is unlikely to be associated with severe hemodynamic compromise. The degree of inversion, however, does not appear to discriminate between those patients with and those without cardiac tamponade. We speculate that this and previously described echocardiographic signs of cardiac tamponade reflect hydrodynamic compression of
